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Abstract 
Refrigerated air curtains are used in supermarket display cases to keep warm ambient air from entering the 
refrigerator case. Entrainment of ambient air into the curtain by shear layer mixing contributes to both the sensible 
and the latent heat load on the cases. In order to reduce this entrainment, a closer look at the air curtain is undertaken 
here. Particle Image Velocimetry was used to examine idealized air curtains of various Reynolds and Richardson 
numbers. The air curtain entrainment was seen to be dominated by eddies that engulfed ambient air into the air 
curtain. For the isothermal (Ri=0) curtains, it  was observed that the air curtain dynamics and entrainment were not 
sensitive to Reynolds number variation between Re=3800 and Re=8500. At low air velocities (Re=1500), the curtain 
was found to detach, leading to extremely high entrainment rates. Variations in Richardson number of the curtain 
affected the flow at the curtain inlet most dramatically, where the acceleration of gravity caused the curtain to neck 
inwards. The overall thermal entrainment was shown to reduce with reducing Reynolds number, implying that a 
reduction in air curtain entrainment could be achieved by reducing the air velocity of the curtain, as long as air 
curtain integrity is maintained. 
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Chapter 1: Introduction 
1.1 Motivation 
This focus of this work is to study the air curtain on a refrigerated display case. Refrigerated air curtains are 
used on supermarket display cases to keep outside air from entering the case. There are multiple aspects to the 
thermal loading of a refrigerated display case including the radiant heat load from the ambient supermarket, the case 
lights that illuminate the product, the addition and removal of product by stockers and customers, and the entrained 
air into the air curtain. According to some estimates, 75% of the refrigeration load comes from air curtain 
entrainment (Adams 1985), and energy calculations done by the refrigeration industry put the air curtain entrainment 
load as high as 90%. Since refrigeration accounts for roughly 50% of overall supermarket electricity consumption, 
air-curtain entrainment plays a large role in supermarket energy usage.  
Air curtain entrainment results from the shear layer mixing between the quiescent ambient room air and the 
refrigerated air curtain. Ambient air, with high temperature and humidity levels, is entrained into the curtain. As the 
curtain air is recirculated, the entrained air contributes to the heat flux into the case and accelerates the frosting of 
the evaporator coils, reducing heat transfer from the coils and increasing the frequency of defrost cycles. Since the 
air curtain is cooler than the ambient room air, and since it tends to "ride" along the front of the product, these 
effects taken together produce a negatively-buoyant wall jet. Based on the typical jet flow rates, the air curtains 
reside in the transitional flow regime: not fully turbulent, but not fully laminar either. As such, the possibility exists 
to drive them towards the laminar regime (where they may entrain less) by reducing instabilities in the flow.  
Design for reduced entrainment has been primarily empirical to date, since the underlying fluid physics are 
not well understood. By examining the air curtain and quantifying the flow under various conditions, an 
understanding of the air curtain dynamics can be developed. This could lead to the reduction in the entrainment and 
a subsequent increase in the efficiency of the refrigerated display cases, and is the motivation for the present study. 
1.2 Previous Air Curtain Research 
1.2.1 Refrigerator Case Studies 
The prior studies done on refrigerated display cases have taken a "whole case" perspective, i.e. not focusing 
on the air curtain itself. Specifically, most of the industrial research and design efforts have taken an energy-balance 
view of the air curtain entrainment. A display case is placed in a room with controlled temperature and humidity, 
and the energy input to the compressor and fans are monitored over a test period of several hours. The mass of water 
that gets condensed onto the evaporator coils is measured, and an energy balance over the whole case reveals the 
energy lost through the air curtain and the mass of humid air entrained into the curtain. Curtain velocity profiles 
have been roughly optimized in this manner, e.g. by testing different inlet flow deflectors to determine which 
produces the least entrainment. Exact velocity profiles, however, are typically unknown. 
In order to understand the basic characteristics, Howell has done a number of studies on refrigerated air 
curtains. One study (1993) quantified the detrimental effect of high ambient relative humidity on the energy 
requirements of specific display cases by numerical simulations with varying ambient humidity levels. The study 
was based on a turbulent, free-jet model, and the entrainment aspects of the turbulent air curtain was investigated. 
The findings were validated by comparison to exp erimental results for the geometries of display cases. In particular, 
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the humidity levels in the store contributed to the energy requirements of the case by means of the latent heat 
infiltrating the case via entrained humid air. These simulations were case-specific since different geometries of the 
air curtain affected the energy requirements.  
Other flow simulations have been conducted to take a closer look at the velocity profiles of the curtain. 
These simulations typically used a turbulence model for the calculations of the curtain velocities. For example, 
Baleo et al. (1995) used a k-e turbulence model and found that the qualitative results of their simulations matched 
experimental results, but quantitative comparison showed substantial differences. Neither the location of the vortices 
generated by the curtain nor the velocity profiles were accurately predicted, which was attributed to the limitations 
of the k-e model for this type of flow. While the air curtain instability was suggested to play a significant role, only 
mean flow parameters were investigated in their study. 
Stribling et al. (1997) conducted a CFD simulation of the curtain, also with an interest in looking at the 
overall heat loss from the case.  Measurements of the velocity profiles were used to evaluate multiple turbulence 
models and discretization schemes. Again it was found that the computational models did not predict the velocity 
profiles accurately, though the qualitative agreement was reasonable. An important flow observation of the 
experiment was that as soon as the cold air exited the outward-angled honeycomb at the top of the case, negative-
buoyancy effects caused the jet to deflect downwards. They also noted that reducing the turbulence levels in the 
curtain yielded a significant reduction in the entrainment. In addition, it was noted that the length-to-diameter ratio 
of a honeycomb should be on the order of 10 to be effective in reducing turbulence intensity. 
Another computational simulation was carried out by George and Buttsworth (2000), including models for 
components such as fans and the evaporator coils. The air curtain was determined to be two-dimensional by 
temperature measurements along the length of the cabinet. Characterization of entrainment was done by temperature 
measurements at various distances along the curtain. The Reynolds number was calculated to be 777, which implied 
that a significant portion of the curtain flow may be laminar or at least not fully developed turbulence. Both 
turbulent (k-e) and laminar simulations were performed. The turbulent simulation over-estimated the entrainment of 
warm air (similar to previous studies), and the laminar simulation was found to under-estimate the warm air 
entrainment. This was attributed to the fact that the flow of the air curtain (in spite of its low Reynolds number) was 
in the transitional flow regime. In the present study, the display case as provided by the manufacturer had a curtain 
Reynolds number of 5300. (See Chapter 2), which indicates that a wide range of Reynolds numbers can be found in 
refrigerated air curtain applications.  
Another study was sponsored by Southern California Edison to compare a CFD simulation to Particle 
Image Velocimetry measurements of a refrigerated air curtain. Again, qualitative agreement was found, but the CFD 
simulation used a turbulence model, and did not completely match the measured velocity profiles. 
1.2.2 Isothermal Wall Jets  
There are several studies that have dealt with wall jets, both transitional and turbulent. First, the studies of 
isothermal wall jets will be presented. 
Bajura and Catalano (1975) produced dye streak visualization and hot-film anemometry measurements of 
low Reynolds number transitional wall jets, both natural transition and forced, in a water tunnel. They found natural 
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transition of these low Reynolds number wall jets (Re=200 to 600) to pass through five stages, starting with the 
formation of vortices on the outer shear layer, vortex pairing between these vortices, and the jet detaching from the 
wall as a result of these vortex pairings. After this detachment, three-dimensional turbulent structures were present 
and then the upstream flow was again made laminar and reattached, until another vortex pair occurred. In particular, 
one of their sketches of the transition and detachment is included in Figure 1.1.  
a)  
b)  
Figure 1.1: Sketches of wall jet detachment from Bajura and Catalano (1975) 
Hsiao and Sheu (1996) documented the wall jet transition from laminar to turbulent at different Reynolds 
numbers by investigating water jets of varying Reynolds number, from Re=300 to 30,000. Transition was shown to 
occur when small perturbations in the outer layer of the wall jet grow into vortices, and the Reynolds stresses and 
mean flows associated with the transition processes were observed. For the range of Reynolds numbers between 
1500 and 5000, the primary instability was found to have a length scale on the order of the nozzle width and caused 
a strong interaction between the inner and outer layers. This is when the turbulence levels in the inner layer can 
surpass those of the outer layer. Although this study included Reynolds numbers typical of air curtains, only low 
turbulence levels (<0.7%) were considered, whereas the turbulence levels of refrigerated display case air curtains 
typically are more than an order of magnitude higher (as will be presented in Chapter 3). 
Shih and Gogineni (1994) also documented wall jet dynamics, this time with an acoustically forced air jet. 
A jet with a Reynolds number of 1000 was forced at varying frequencies. It was found that the vortices pair and 
eject in a similar manner to the above studies, causing an immediate transition to turbulence. By changing the 
forcing frequency, the separation length between the vortex pairs could be controlled to reduce or increase the 
vortex interaction. The flow visualization of the vortices pulling off of the wall in this study resembles the sketches 
reproduced in Figure 1.1. 
Gogineni et al. (1999) studied an acoustically forced wall jet to examine the mechanism of instability for 
different degrees of forcing and different wall conditions. Particle Image Velocimetry (PIV) data was compared to 
CFD results for a forced, isothermal wall jet of Reynolds number 2150. The computations showed that the wall 
boundary condition of no-slip or slip made little difference in the flow development, indicating that the physical 
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mechanism of the wall vortices was primarily an inviscid one for this type of flow. The same relationship between 
the outer layer vortices and inner layer vortices was observed, where the outer layer instability grows until it induces 
the growth of a paired vortex in the inner layer. It is the interaction between these vortices that dominates the 
transition process. 
Thus in the transitional Reynolds numbers typical of refrigerated wall jets (ca. 700-7000), initial 
fluctuations and eddy dynamics primarily control the flow development. 
1.2.3 Buoyant Wall Jets 
There are also some studies that have looked into buoyant wall jets. The term buoyant jet indicates that a 
fluid with lower density than the ambient which is flowing upwards so the buoyancy force is in the same direction as 
the motion of the jet. A "negatively-buoyant" jet is a fluid of higher density than the ambient which is flowing 
downwards. Again, the buoyancy force is acting in the same direction as the motion of the jet so the net result is 
similar. All the studies discussed below are of buoyant jets, whereas the present study concerns a "negatively-
buoyant" wall jet. These include studies with a variety of Reynolds and Richardson numbers, where it should be 
noted that the typical air curtain Richardson number values was found to be 0.3. However, no detailed investigations 
were found for buoyant wall jets in the transitional flow regime of Reynolds numbers, 1000 to 10,000. 
Kotsovinos and List (1977) studied turbulent buoyant jets of varying initial Richardson number, ranging 
from 5*10-5 to 0.7. The entrainment coefficient for such jets was found to be a linear function of the jet Richardson 
number. Ljuboka and Rodi (1981) then developed an extension of the k-e computational model for the behavior of a 
buoyant turbulent wall jet that accounts for the buoyancy and wall effects on the turbulence.  
Recently, Sangras et al. (1999) observed turbulent wall plumes in the self-preserving region to measure 
mixture fractions, probability density functions and temporal power spectra. The turbulent mixing of the wall 
plumes were compared to that of free line plumes. The wall was observed to inhibit the large-scale turbulent motion 
and limit the mixing to one side of the flo w, thus reducing the amount of mixing compared to a free line plume. 
A computational study of laminar buoyant wall jets was carried out by Angirasa (1999), which was 
concerned with a jet of ambient temperature being blown upwards across a heated surface. As the jet was blown 
upwards across the heated surface its temperature, and thus buoyant properties, were increased. The jet was found to 
detach from the wall at high jet Reynolds numbers. The "high" Reynolds numbers, based on the jet width, were on 
the order of 100, and the corresponding Richardson numbers studied were in the range of 0.004 to 0.01.  
1.3 Outstanding Issues and Project Goals 
The complexity of the refrigerated display cases has resulted in the design for air curtains to be primarily 
empirical in nature. To have a better understanding of refrigerated air curtains, several issues should be addressed. 
Three principle issues are given below.  
Of foremost importance, the refrigerated wall jet lies in the transitional flow regime, which has not been 
explored in detail, and the prolific research for fully-developed turbulent conditions does not directly apply. This is 
evident in the multiple computational studies that have over- or under-estimated the velocity profiles of the air 
curtain by using fully-developed turbulence models. Therefore, this particular regime needs to be examined in order 
to understand the transitional effects of the refrigerated air curtain. 
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Next, it is clear that the high initial turbulence levels in the refrigerated air curtain can contribute to early 
flow transition, but the magnitude and persistence of the turbulence levels are not fully understood. Previous flow 
diagnostic techniques used in typical design work do not allow high enough resolution to characterize the 
quantitative velocity profiles and turbulence levels, and/or suffer from bias or intrusiveness issues. Therefore 
advanced non-intrusive diagnostics will be used herein to obtain this detailed information about the fluid dynamics 
of the air curtain. 
It was also desired in this study to focus on characterizing the nature of the air curtain in a fundamental way 
in order to develop a detailed understanding that can be used for design purposes of the general refrigerated display 
cases. By simplifying the case to a negatively-buoyant wall jet, a flow can be studied that retains the general 
properties of the curtain, while eliminating case-specific issues particular to each manufacturer. 
It is hoped that by understanding the dynamics of the curtain and examining these three issues, methods of 
reducing the entrainment can be developed. 
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Chapter 2: Methods 
2.1 Air Curtain Facility 
2.1.1 Refrigerated Display Case 
The air curtain facility for the experimental testing was based on a 1.2 meter long section of a refrigerated 
display case, provided by Hussmann Co. of Bridgeton, MO. It was a dairy case model D6-4EU, which has a product 
opening height and thus curtain length of roughly 1.6 m. The cases are manufactured in 1.2 m sections (4 feet) that 
can be put end-to-end for installation in supermarkets as seen in Figure 2.1. Figure 2.2 is a photograph of a case by 
itself. In the supermarket, many cases are attached to a single refrigerant line and the compressor and condenser are 
often mounted on the roof of the building. For this study, the refrigerator case was provided with its own compressor 
and condenser, which was mounted to the top of the display case. A blockage was placed on top of the case to 
prevent the condenser fan from blowing warm air into the ambient room and changing the dynamics of the air 
curtain in a manner that would not be representative of the usual operating conditions of the display cases. 
 
Figure 2.1: A series of display cases put together to form a wall display case 
 
Figure 2.2: An eight foot model of the refrigerated display case used in this study 
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The air curtain is created by forcing refrigerated air in the duct at the top of the case to a deflector, to turn 
the flow downward through a honeycomb producing the initial velocity profile. The deflector is bent in multiple 
places to generate a specific velocity profile, which has been optimized in an empirical manner to produce a higher 
velocity towards the inside of the case and a lower velocity profile to the outside of the case. The honeycomb tubes 
are 25 mm long, and 4 mm in diameter. The curtain inlet is 120 mm wide all along the length of the case. The air 
curtain is blown downwards through the honeycomb across the front of the product until it reaches the bottom of the 
case, where it is drawn into the capture region located below the products. The capture area pulls the air through a 
turn and into the bottom of the case. The turn is made to maximize the amount of product space at the floor of the 
case. Under the floor of the case, two 20 cm diameter fans propel the air into a duct running up the back of the case 
behind the product area and through the evaporator coils mounted in the duct to refrigerate the air. The air continues 
up the duct, which is perforated to allow some of the refrigerated air to cool the product in the rear of the case. The 
duct turns at the top of the case and the air is blown forward where it is pushed into the deflector and emerges again 
as the air curtain. 
2.1.2 Wall Jet Configuration 
The air curtain for display cases is a negatively-buoyant planar jet, that is effectively bounded on the 
product (cold) side of the case. Thus, when the case is fully stocked, an approximate wall jet exists along the face of 
the products, and a shear layer grows on the room side of the air curtain. To simplify the complicated interactions 
with the product, the faces of all the products can be replaced with a flat wall. This idealization of the refrigerated air 
curtain was compared to that for a stocked case with back wall perforations and shown to be qualitatively similar 
(Appendix A). 
For the measurements presented herein, modifications were made to the case both to simplify the air curtain 
to a wall jet and to produce a more uniform velocity profile at the curtain inlet, pictured in Figure 2.3 and Figure 2.4. 
Note that the x direction is the oriented vertically along the jet. From preliminary PIV data of the curtain inlet, it was 
shown that the multi-tiered deflector actually creates multiple shear layers inside the curtain instead of the desired 
smooth velocity profile. Since a fundamental velocity profile was desired, the multi-tiered deflector was replaced 
with a single -bend deflector that produced a generally uniform velocity profile.  
To transform the air curtain-product interactions into a simplified wall jet, a flat metal sheet was mounted 
to the outer edge of the shelving covering the entire span and height of the case. This simulated a fully stocked case 
while neglecting the interactions between the air curtain and individual products. In an operating environment, the 
perforations on the back wall of the display case provides support to the air curtain when the display case is 
unevenly stocked, in addition to providing cooling for the rear products. This makes the wall jet simplification a 
reasonable approximation of the qualitative flow features in an actual display case. 
The capture area at the bottom of the air curtain was enlarged to 240 mm. The air curtain makes a turn at 
the bottom of the case to increase the amount of product space at the floor of the case. However, turning the air 
curtain adds turbulence at the bottom of the curtain and shortens the distance for which the air curtain can be 
considered a wall jet. In addition, each display case model has a different geometry for this turn. To simplify the 
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capture area of the curtain, an enlargement in the floor of the case was made to pull the curtain straight into the 
capture area.  
 
Figure 2.3: Idealizations made to the refrigerator case 
Single turn air deflector installed 
for more uniform initial flow 
Capture region enlarged to 
increase length of usable curtain 
Wall mounted at front of 
shelves to model air 
curtain as wall jet 
Honeycomb  
Filters replaced 
enlarged region 
x 
y 
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Figure 2.4: Case dimensions 
In order to vary the speed of the air curtain, fan blades of varying camber were installed on the fan motors. 
A variable-voltage speed-control was installed on the fan motors in an attempt to further control the air speed. 
However, the motors have such a small voltage threshold before shutting off that this method did not reduce the air 
speed by a sufficient amount, and for every test the fans were run at full voltage. By switching fan blades of varying 
Honeycomb width, H=120 mm 
Overall Capture area width, 240 mm 
Curtain Length, L=1.6 meters 
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cambers and selectively turning off one of the two fans a wide variety of air curtain speeds was achieved. The 
opaque side wall of the case was replaced with a plexi-glass side wall to enable PIV imaging perpendicular to the 
laser sheet. This optical side wall can be seen in Figure 2.5. 
 
Figure 2.5: Photograph of laboratory showing display case, lasers, camera and computer for PIV collection 
2.2 Particle Image Velocimetry and Flow Visualization 
2.2.1 PIV System Setup 
Particle Image Velocimetry (PIV) was used to determine the velocity of the air curtains being studied. PIV 
is a non-intrusive technique for measuring fluid velocities and consists of a double-pulsed laser sheet illuminating a 
cross section of a seeded airflow. This technique employs a digital camera which takes two pictures of the 
illuminated seed particles. Figure 2.6 shows a sample image-pair, with the first image above and the second image 
below. Each pair of images is correlated with the difference in location of the illuminated particles from the first 
image to the second determining the velocity of the fluid at that location in space. The entire field of view is 
correlated in this manner, and each image-pair yields one 2D velocity field. Cinematic PIV was employed, which 
means that a new image-pair is taken every 1/15th of a second producing consecutive vector fields at a rate of 15 per 
second. These vector movies can be used to observe the instantaneous flow field dynamics or the individual frames 
of the movies can be averaged to produce a time -averaged flow field. Both the time-averaged flow field data and the 
instantaneous flow dynamics are important to the understanding of the air curtains. 
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Figure 2.6: Cross correlation image from PIV camera 
A fully digital, cinematic PIV system was obtained from LaVision, Inc. The system consists of dual pulsing 
New Wave Gemini Nd:Yag lasers, a cross-correlation Kodak ES1.0 digital camera, and a Windows NT based 
computer system with LaVision's hardware board to synchronize the lasers, a digital camera, and the DaVis version 
5.4.4 software to process the PIV images. The cross-correlation digital camera eliminates any directional ambiguity 
in the flow and allows the captured images to be immediately processed into vector fields by the computer. Figure 
2.5 is a photo of the PIV setup for the refrigerator case. The camera produces 1008 x 984 pixel images for cross-
correlation PIV analysis, with the time between each image in the image-pair being 1.2 milliseconds. The camera 
can take up to 15 of these image-pairs per second, and the particles in the double images are correlated and paired to 
determine the velocity field. A complete description of double-frame cross-correlation PIV used in the processing is 
contained in Keane and Adrian, (1992). The analysis routines found in the DaVis  version 5.4.4 software are also 
documented in the manufacturer's software manual (LaVision's PIV Flowmaster Manual, 2000). 
The illuminated particle images were taken of the air curtain at the center of the display case. The lasers 
were operating at 75% of their 120mJ/pulse full power, and an f-stop of 1.8 for the 50mm Nikkor lens. The PIV 
images were analyzed using an Adaptive multi-pass vector analysis. The first pass uses a 64x64 pixel interrogation 
spot to produce a vector; the second pass refines the analysis with a 32x32 pixel interrogation spot. With a 50% 
vector overlap, this produces a vector field of 63x62 vectors per image frame. The field of view increased from 
approximately 240 mm square at the curtain inlet to approximately 350 mm square at the bottom of the curtain. The 
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vector spacing correspondingly increased from 3.75 mm per vector to 5.5 mm per vector. The vector images were 
post-processed using a median filter, removing the vector if it was greater than 1.8 times the rms of its neighbors. 
2.2.2 Particle Seeding 
Particle Size 
For PIV measurements, the particles need to be large enough to be seen on the image yet small enough to 
follow the airflow. After investigating various seeding materials (oil droplets, smoke, glycerin-water droplets, and 
solid particles) for visibility at distances from 1.5 to 2 meters from the camera, 30-micrometer hollow glass spheres 
were chosen. According to the manufacturer, 3M, the density of the particles was roughly 600 kg/m3 and the 
diameter of the particles ranged from 15 to 65 mm with an average of 30mm. The brand name of the particles is 
Microspheres. 
The ability to see individual particles is dependent on the camera optics and the field of view for data 
collection. The 30mm average particle size was found reasonable according to the following methodology, given in 
Adrian (1991). The image size is found as a combination of the magnification spot size and the diffraction limited 
spot size to be: 222 dsdpMd +=t , where, M is the magnification, dp is the particle size, and ds is the 
diffraction limited spot size. The diffraction limited spot size is given by: lfMds )1(44.2 += , where l is the 
frequency of the laser light being used and f is the f-stop of the lens. Using 532 nm laser light, an f-stop of 1.8 and a 
maximum magnification corresponding to a 350mm FOV, the diffraction limited spot size calculates to 2.4 mm and 
the magnification spot size is 0.78 mm, giving an image size of 2.5 mm. The pixel size of the camera was 9 mm and 
the image of each 30 mm particle was found to be illuminate several pixels, which is sufficient for the data 
processing. 
A critical issue when using particles is that they must be small enough to closely follow the mean flow as 
well as the primary vortices. The ability of particles to respond to an airflow can be characterized by the Stokes 
number. The Stokes number for the particles in a fluid is the ratio 
f
pSt
t
t
= , where tf is the characteristic time for 
the flow and where tp is the particle response time. If St << 1, the particle can respond nearly instantaneously to any 
changes in the flow velocity. The formula for calculating response time for particles in the linear drag regime is 
given by Crowe et al. (1998) as: 
m
r
t
18
2dp
p = ,where rp is the density of the particles, and m is the viscosity of the 
fluid. Using the material properties for the Microsphere particles, the particle relaxation time was found to range 
from 0.5 to 8.0 milliseconds, with the 30 mm particles having a response time of 5.0 milliseconds. In the curtain 
flow, the characteristic time scale, tf, is estimated as 
jetV
H
. The characteristic curtain time scale varied from 0.625 to 
0.12 seconds, so the largest St for the particles in the curtain was 0.067, which is sufficiently less than one to capture 
the eddies in the curtain. 
 13 
Seeding Locations 
For a qualitative visualization of the air curtain entrainment (i.e. the interface between the jet flow and the 
ambient air) the air curtain was seeded with the ambient air unseeded, revealing the eddies clearly. However, 
seeding proved to be more difficult for the velocity measurements, since the ambient air and the curtain flow both 
needed to be evenly seeded for the PIV techniques to work. Various methods of delivering the particles into the air 
flow were tried. First, a forced air arrangement was developed for the curtain, but if the injection was too close to 
the curtain inlet, there would be insufficient time for the seed particles to mix with the curtain air to become evenly 
distributed. The most even method of distributing the particles into the curtain for the isothermal curtain was a 
manual one. Particles were poured onto a foam strip and shaken into the capture region at the bottom of the display 
case. They were blown through the case and this allowed for an even distribution in the air flow by the time they 
reached the curtain inlet at the top of the case.  
To seed the ambient air for PIV measurements, several methods were attempted. A forced air arrangement 
was tried first, but it was not possible to direct the seeded airflow into the camera's field of view without influencing 
the air curtain. One method of allowing the particles to fall in the ambient air was attempted whereby the particles 
were shaken from an inclined platform by a loudspeaker, but the particles would not be evenly distributed. A manual 
method of seeding the ambient air was again found to be best, where the foam strip with particles was shaken in the 
ambient room, seeding a large portion of the room with particles evenly. This did not disturb the curtain and allowed 
for good visualization of air curtain entrainment. The ambient air was re -seeded before each set of images was 
taken. 
For the refrigerated curtain, it was found that manually delivering the particles to the capture area upstream 
of the evaporator (as above) was not possible as they would accumulate on the moist evaporator coils. Therefore, a 
forced-air particle seeding technique was employed for the curtain seeding. Compressed shop air was forced through 
a tube into a 1 liter Erlenmeyer flask that contained particles, shown in Figure 2.7. The air was bubbled through the 
particles and the particle-laden air was delivered through a tube (inner diameter ~5 mm) into the refrigerator case 
sufficiently downstream of the evaporator coils. The seeding location was chosen to allow the particles to be evenly 
distributed before the air curtain inlet. 
2.2.3 Velocity Data Collection 
For each field of view, five hundred cross-correlation images were taken to ensure the quality of the 
velocity statistics. This produced five hundred vector images at each point along the curtain. In the PIV vector 
calculation algorithm, if a sufficient number of particles were not found within the interrogation spot then a vector 
could not be computed for that point. In the calculation of the velocity statistics when a particular vector had not 
been calculated, that point was omitted from the average or fluctuation calculation. The images were collected as ten 
sets of fifty consecutive images. The fifty images within each set were taken at the rate of 15 Hz, thus each set is a 
3.3 sec movie with fifteen frames per second. In this way, the dynamics of the curtain could be obtained. The five 
hundred vector images averaged together produced a time -averaged flow field for the curtain.  
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Figure 2.7: Forced air particle seeder for delivering particle seeds into air curtain 
2.2.4 Flow Visualization 
To visualize the curtain dynamics, particles were injected only into the curtain, not into the ambient air. 
The PIV setup and camera were used to capture a movie of the illuminated particles, but the images were not 
processed for vectors. Since only the curtain was seeded, it was possible to see the eddies and dynamics for the 
purposes of flow visualization. Figures 3.5 through 3.9 in Chapter 3 are these curtain visualizations. 
2.3 Temperature Measurements 
2.3.1 Instrumentation 
Three K-Type thermocouples were installed in the display case in the locations shown in Figure 2.8. The 
first thermocouple was located in the top duct just before the deflector and honeycomb to measure the initial 
temperature of the air curtain, Tjet. The second thermocouple was located outside the case and above the curtain inlet 
to measure the ambient room air, Tamb , that gets entrained into the curtain. The third thermocouple was located in the 
capture region at the bottom of the case to measure the temperature of the captured air, Tcapture. The capture region 
was found to have an uneven temperature distribution so Tcapture was measured behind one of the fans to maximize 
the amount of mixing of the return air. An Omega HH611PLC data logger was used to record the three 
thermocouples simultaneously. 
Compressed air 
Particle-laden air 
to refrigerator case 
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Figure 2.8: Location of the thermocouples on the display case 
2.3.2 Thermal Transients  
For the refrigerated curtain, it was necessary that the temperature of the curtain remain steady during the 
testing. There would be four things that could cause variations in the temperature of the curtain. First the natural 
transients of the initial start up, while the curtain was bringing the entire case down to the desired temperature. 
Second, if the case reached its specified set-point temperature, the compressor would turn off so as not to over-cool 
the products. Third, if the evaporator coils build up too much frost on them the heat transfer is affected and the air 
velocity of the curtain will also be affected. And finally, if the case is allowed to run for more than six hours it goes 
through a defrost cycle to remove frost from the evaporator coils.  
To account for the start-up thermal transients, the display case was allowed to run for roughly 1.5 hours to 
allow the curtain to reach a steady-state temperature before any data collection was preformed. Since there was no 
thermal load inside the case, this was sufficient time for the air curtain to reach a steady-state. The set-point 
temperature for the case was set below the cooling equipment capacity so it would never be reached. To avoid frost 
growth and the defrost cycle, the data collection was completed within four hours of starting the case. Finally the 
times of data collection were compared to the transient temperatures to ensure that the temperatures remained steady 
during the collection times. 
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2.4 Data Analysis 
2.4.1 Dimensionless Parameters 
There are three primary dimensionless parameters that can be used to characterize the refrigerated air 
curtain. They are, the Reynolds number (Re), the Richardson number (Ri) and the Grashof number (Gr), and are 
defined herein as follows: 
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In the above, Vjet is the mean stream-wise velocity of the initial curtain, H is the width of the curtain inlet, g 
is the gravitational acceleration, r is density, and m is viscosity. The subscripts "jet" and "amb" refer to the curtain 
inlet and ambient room properties respectively. To compute Vjet, the average streamwise velocity at the downstream 
location x = H was used as an approximation (since the PIV technique could not be used much closer to the curtain 
inlet because of reflection of laser light off of the honeycombs).  
The Reynolds number is the ratio of momentum to viscous forces at work in the flow. A higher Re means 
higher momentum forces are at work in the curtain, i.e. a higher curtain velocity, and an increased probability of 
fully-developed turbulence. The Richardson number is the ratio of gravitational to momentum forces. A higher Ri 
means the negative buoyancy effects in the curtain will be more pronounced, with Ri of 0 corresponding to no 
thermal effects, i.e. the isothermal cases. The Grashof number is the ratio of the buoyant forces to the viscous forces 
and as s uch is a combination of Re and Ri that removes curtain velocity from the formulation. Since velocity 
appears in both Re and Ri, changing the velocity of the curtain in the refrigerator case changes both the Reynolds 
number and the Richardson number.  
It should be noted that the characteristic length scale used herein is H, the width of the curtain inlet, as is 
conventional when dealing with jet flows. Typically, the Grashof number is utilized in natural convection flows, 
where the characteristic length scale is the distance of the convection process, (e.g. x). However, since the 
refrigerated air curtain exhibits more of the characteristics of a jet flow than a natural convection flow, the 
characteristic length scale of the curtain width was used for the Grashof number calculation. This should be kept in 
mind when considering the overall magnitude of Gr in these test conditions. 
2.4.2 Entrainment Parameters 
Two parameters for measuring curtain entrainment are been defined herein: a momentum entrainment and a 
thermal entrainment. The momentum entrainment was calculated from the velocity profiles, for all cases at various 
x-locations, and the thermal entrainment was calculated from the recorded temperatures for the refrigerated air 
curtains only. The momentum entrainment was characterized by the curtain thickness, d, which is defined for a 
velocity profile as the distance y where the streamwise velocity reduces to 25% of the maximum streamwise 
velocity, i.e. d=y at Vx(y) / Vx,max = 0.25. The curtain thickness has been normalized herein by the curtain inlet 
height, H. 
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The thermal entrainment is characterized by the parameter: 
jetamb
jetcapture
TT
TT
-
-
=a , where Tcapture is the 
average temperature across the capture area at the bottom of the curtain, Tjet is the temperature of the curtain at its 
inlet and Tamb  is the temperature of the room air. If there are no thermal losses across the curtain, a has a value of 
zero; a increases as the entrainment of ambient air into the curtain increases, reaching a maximum value of 1 when 
all the air being drawn into the capture region is ambient air. The product (a Re) characterizes the relative thermal 
entrainment, since the Reynolds number contains the curtain velocity which would affect the net dimensional 
thermal entrainment in a display case of specified curtain length. A higher mass entrainment of humid ambient air 
will result in a higher latent cooling load and an increased rate of frost growth on the evaporator coils.  
Note that the curtain thickness, d, can be calculated at every stream-wise location along the curtain and 
effectively shows curtain growth for both refrigerated or isothermal curtains. In contrast, the thermal entrainment is 
only meaningful for refrigerated curtains: a is undefined for is othermal curtains. Thermal entrainment 
measurements are made over the whole curtain, so only one value of a can be found for each curtain.  
2.4.3 Velocity Statistics 
Velocity Profiles 
Velocity profiles were produced from the time -averaged velocity vectors by averaging fifteen horizontal 
rows of velocity vector data, centered about the row of interest. This averaging was done to reduce statistical noise 
in each row of PIV vectors.  
Mean Streamwise Velocity 
The mean inlet velocity was calculated by averaging the vectors along the x = H profile from y = 0.1 H out 
to the thickness of the curtain, d. At y < 0.1 H, the reflection of laser light from the wall resulted in bad velocity 
vectors and so data was not reported in this region. The initial curtain thickness, d, was equal to H for the isothermal 
curtains, but for the refrigerated curtains the initial curtain thickness decreased as the Richardson number increased. 
This was due to the increased buoyancy forces at work, and will be discussed in Chapter 3. For the purposes of the 
mean inlet velocity, the velocities were averaged only to the curtain thickness. 
Fluctuation Velocity 
To calculate the root mean square velocity fluctuations for the curtain the streamwise velocity for each 
point was averaged over a nine-point stencil. The formula used for the calculation of RMS velocity for a point (i, j) 
in row i was: å
=
-=
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avgjninejRMS VVV , where Vj,nine is the average streamwise velocity for the nine 
points about point (i, j), and avgjV ,  is the average of the streamwise velocity component of fifteen rows of the time-
averaged vector field centered about point (i, j). This formula was adopted to take into account the vectors that could 
not be calculated from PIV technique due to insufficient seeding and to eliminate RMS levels due to uncertainty 
caused by insufficient statistical samples at individual points. 
Note that in the conference paper presented by Field & Loth (2001), the RMS velocity values did not omit 
the points with missing vectors. Instead, a vector with a value of zero velocity was used to calculate the RMS values 
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presented in that paper, which caused artificially high fluctuation values. However, this error in the calculation 
method was corrected herein. 
2.5 Test Conditions 
The air curtain speed was varied by changing the blades of the two fans that provided the circulation of the 
air through the case. Three different fan blades were available with different camber but the same diameter. The 
original blades that are provided with the case produce the fastest flow, and are here called the "high-speed" fans. 
Two other sets of fan blades what were provided produced slower curtains, and are called "medium-speed" and 
"low-speed" fans. The conventional condition for the display case used two high-speed fans. The medium-speed fan 
blades actually had a higher camber than the high-speed fans but were found to produce a lower flow rate, probably 
due to a stalling effect of the blades. To achieve slower flow with the low-speed and high-speed fans, one of the fan 
motors was disconnected. The temperature of the curtain, T jet, was dependant on the speed of the curtain by means 
of the residence time in the evaporator coils. As such, the Richardson numbers and Reynolds numbers of the curtain 
were not separable, as the curtain speed decreased the curtain temperature decreased. The Reynolds numbers and 
Richardson numbers produced by the test conditions are given in Table 2.1 as follows: 
Table 2.1: Test conditions 
Test Condition: Isothermal 
Reynolds 
number: 
Refrigerated 
Reynolds 
number: 
Refrigerated 
Richardson 
Number: 
Refrigerated 
Grashof 
Number: 
One low-speed fan 1500 not possible not possible not possible 
Two low-speed fans  3800 4200 0.58 9.4 x 106 
One high-speed fan 4600 4700 0.47 9.5 x 106 
Two medium -speed fans  7600 7500 0.15 7.8 x 106 
Two high-speed fans  8500 8000 0.13 7.8 x 106 
 
In general, the Re and Ri ranges bracketed the stocked and shelved wall jet case (Re=5300, Ri=0.30). The 
Richardson number for all the isothermal curtains was 0. The single low-speed fan arrangement was not able to 
produce an air curtain for the refrigerated curtains, because the air speed was too low overcome the density 
difference in the vertical portion of the case. 
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Chapter 3: Results 
3.1 Transient Temperatures 
In order to assess the degree of overall thermal transients due to startup, the temperature at various 
locations on the refrigerator cases were recorded during each experimental run. Figures 3.1, 3.2, and 3.3 are plots of 
these temperatures, for the Ri=0.13, Ri=0.15, and Ri=0.47 curtains, respectively. The initial transient is seen as the 
case is first brought down to temperature, but then the temperatures reach a steady-state, at least for a few hours. The 
three temperatures plotted are the ambient temperature of the room air, the capture air temperature in the base of the 
display case and the temperature of the air curtain. The thermocouple locations are shown in Figure 2.8. The periods 
of time in which PIV data were taken are also shown on the plots and indicate that the thermal transients were not 
significant over these periods, i.e. the temperatures remained reasonably constant within the data collection times.  
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Figure 3.1: Transient temperature plots for Ri=0.13 (Re=8000) 
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Figure 3.2: Transient temperature plots for Ri=0.15 (Re=7500) 
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Figure 3.3: Transient temperature plots for Ri=0.47 (Re=4700) 
3.2 Flow Visualization Results 
3.2.1 Eddy Development 
The overall trend in the curtain development is a growth of the eddies from the inlet of the curtain to the 
bottom. The shear layer interface is dominated by eddies that can be seen as combinations of protrusions and 
indentions that form a wave pattern along the outer layer of the curtain. Figure 3.4 is a simplified sketch of the 
observed curtain eddies from the curtain particle visualizations. It is inside the indentations that the ambient air 
primarily gets engulfed and entrained into the curtain.  
 
Figure 3.4: Sketch of the curtain edge showing basic eddy features  
Protrusions 
Indentations 
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Figures 3.5, 3.6, and 3.7 are instantaneous particle flow visualizations from an isothermal curtain and two 
refrigerated curtains each at two streamwise locations. The streamwise development of the curtain and the eddy 
dynamics of the entrainment process can be qualitatively seen from these images.  
 
Figure 3.5: Particle Visualizations from Re=3800 isothermal curtain 
x/H=7 
x/H=8 
x/H=3 
x/H=2 
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Figure 3.6: Particle Visualizations from Ri=0.15 (Re=7500) refrigerated curtain 
x/H=1 
x/H=2 
x/H=6 
x/H=7 
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Figure 3.7: Particle Visualizations from Ri=0.47 (Re=4700) refrigerated curtain 
The isothermal curtain with Re=3800 is shown in Figure 3.5. At the top of the curtain, the curtain thickness 
is roughly the same size as the curtain inlet, H, and the eddies along the curtain interface are a variety of sizes, as 
large as H but typically smaller. At x/ H=2, a protrusion-indentation combination can be clearly seen in the figure 
engulfing ambient air. By x/H=7, the large discernable eddy structures are larger, with a large protrusion visible at 
x/H=7.5. These eddies are expected to come from two sources: internal turbulence of the exiting jet and the shear 
interface instability (as in Kelvin-Helmholtz waves). As will be shown later, the initial curtain turbulence is high and 
x/H=1 
x/H=2 
x/H=4 
x/H=5 
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thus may be the primary driver of the edge instabilities. As the curtain progresses  downward, both the curtain 
thickness and the eddies grow.  
In Figure 3.6 particle images from a refrigerated curtain of Ri=0.15 (and Re=7500) are shown. Again at the 
curtain inlet, the eddy patterns are clearly discernable and not too large, roughly H/2 in size. The thickness of the 
refrigerated curtains at the inlet was smaller than H, which is due to the negative buoyancy and will be discussed in 
a following section. In the top figure, protrusions can be seen at x/H=1 and x/H=2 engulfing ambient air into the 
curtain. At x/H=6 a large protrusion (with a size of about 1.5H) moving through the field of view, with a severe 
indentation below it at x/H=7.  
In Figure 3.7, particle flow visualizations from a refrigerated curtain of Ri=0.47 (and Re=4700) show the 
same features as the previous figures. At the inlet of the curtain, eddies of size H/2 are the primary disturbances, like 
the eddy shown at x/H=1.5. A large scale eddy is shown between x/H=4 and x/H=5. The eddy size is as large as the 
entire thickness of the curtain (1.2H) and the smaller features clearly seen at the top and edges of the eddy. As the 
large eddies go past, they reduce the curtain thickness, sometimes to less than H/2. 
From these visualizations of the flow, it can be noted that the entrainment is dominated by unsteady eddy 
engulfment of ambient air into the curtain indentations by the eddies. As such, this flow is not laminar and is at least 
transitional in nature.  
3.2.2 Isothermal Curtain Reynolds Number Effects  
For the isothermal air curtains with Reynolds number 3800, 4600, 7600, and 8500, there were no 
significant differences in the overall flow development and character. As will be shown later by the velocity 
statistics, the curtain growth and dynamics are the same for these isothermal curtains. However when the curtain 
Reynolds number was reduced to 1500, the curtain dynamics changed drastically. In particular, the curtain would 
not consistently stay attached to the wall, i.e. at times the curtain would flow along a portion of the wall near the 
inlet, but at other times it would move away from the wall immediately after the inlet. Even during the time that the 
curtain was attached at the inlet of the curtain, it would detach from the wall further downstream. Figure 3.8 shows a 
sample flow visualization at the inlet of the isothermal Re=1500 curtain during a period when it was attached at the 
inlet but separated later downstream. A small eddy can be seen at x/H=1, engulfing ambient air. Figure 3.9 shows an 
image taken when the curtain was separated from the wall. The same engulfment structures can be seen on the outer 
edge of the curtain, but below x/H=2 the curtain can be seen detaching from the wall. The attached and detached 
curtain streamlines were produced from separate time averages of the attached and detached curtains and are shown 
in Figures 3.10 and 3.11. A sketch of the display case undergoing curtain separation is shown in Figure 3.12. 
Physical interactions with the curtain could usually detach the curtain from the wall at this Reynolds number and 
sometimes reattach the curtain to the wall. 
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Figure 3.8: Particle Visualization from inlet of attached Re=1500 isothermal curtain 
 
Figure 3.9: Particle visualization from inlet of detached Re=1500 isothermal curtain 
x/H=1 
x/H=2 
x/H=0.5 
x/H=1 
x/H=1.5 
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Figure 3.10: Time-averaged streamlines for inlet of attached Re=1500 isothermal curtain 
 
Figure 3.11: Time-averaged streamlines for inlet of detached Re=1500 isothermal curtain 
x/H=2 
x/H=1 
x/H=2 
x/H=1 
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Figure 3.12: A sketch of the curtain separation seen for Re=1500 isothermal curtain 
This detachment of a wall jet at similar Reynolds numbers was found in several of the studies mentioned in 
the Introduction, where it was determined to be a result of the vortex pairing between the outer and inner layers. 
Sketches from Bajura and Catalano (1975) are shown in Figure 1.1, where 1.1a shows the interaction between inner 
and outer layer vortices and 1.1b shows the subsequent detachment of the jet. Here, outer layer vortices on the edge 
of the curtain can be clearly seen in Figures 3.8 and 3.9 for both the detached and attached flows. Therefore, this 
isothermal wall jet had a lower limit of curtain velocity, below which attachment and curtain integrity could not be 
ensured.  
To investigate whether this lower limit also exists for the refrigerated curtain a low velocity experiment 
was carried out with the refrigerated air curtain. It was expected that the favorable buoyancy forces would dampen 
the ejection of the vortex pairs and thus separation of the curtain from the wall would not occur. However the low 
Reynolds number refrigerated curtain was impossible to produce due to facility constraints. Because the evaporator 
coils were located in the vertical portion of the display case, the low speed flow was unable to overcome the vertical 
buoyancy effect that took effect as the air was cooled, and no curtain could be produced when this speed was 
attempted with the refrigerated curtain. Therefore, a different refrigerator case arrangement would be needed to 
determine the detachment limit for a refrigerated air curtain. 
Noteworthy is one computational study of buoyant convection from low-velocity (Re=100, Ri=10-3) 
thermal wall jets (Angirasa, 1999). While these Reynolds and Richardson numbers are much lower than those of 
display cases, it was found that a very similar separation of the flow from the wall occurred. However it was found 
to occur as Reynolds number was increased. Lower Reynolds numbers allowed the jet to remain attached to the 
wall. Therefore, the detachment phenomenon may be constrained to moderate Reynolds numbers, e.g. more than 
100 but less that 1500. One might also expect that this detachment region would be sensitive to Richardson number, 
jet velocity profiles and initial jet turbulence levels. 
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3.2.3 Richardson Number Effects 
Comparing the different Richardson numbers of the curtains, a marked difference is clearly seen at the top 
of the curtain. As the Richardson number increases, the curtain width at its inlet is thinner. This progressive decrease 
of the curtain thickness can be seen in the particle visualizations shown in Figures 3.5, 3.6 and 3.7. It is more 
apparent in the time -average of the flow streamlines shown in Figure 3.13, where the Richardson numbers of 0, 
0.13, 0.15 and 0.47 are progressively shown. The streamlines are seen to deflect the curtain inwards, as a result of 
the negatively buoyant acceleration that the refrigerated curtain experiences. This is the same effect that causes a 
stream of water flowing out of a faucet to grow thinner as it falls. This buoyant effect is most pronounced at the 
curtain inlet; as the curtain continues downward it reaches a "neck" where its thickness reaches a minimum and then 
begins to grow in the same way as the isothermal curtain.  
         
 a) Ri=0 (Re=3800) b) Ri=0.13 (Re=8000) 
     
 c) Ri=0.15 (Re=7500) d) Ri=0.47 (Re=4700) 
Figure 3.13: Time-averaged streamline images of the curtain inlet for increasing Ri, where field of view in each 
approximately ranges from x/H=0.5 to x/H = 2.3 
 29 
This same effect has been seen in positively-buoyant plumes, for example Epstein and Burelbach (2001) 
examined a circular jet of low-density fresh water oriented upwards into a tank of higher-density salt-water brine. 
Cetegen and Ahmed (1993) examined circular jets of both helium-air mixture and hot combustion products from 
flames moving upwards. While they were primarily interested in the instabilities that arise, they calculated the initial 
shape of the upward-moving plume for varying Reynolds numbers. Even though the shapes were calculated for axi-
symmetric plumes, the overall shapes were qualitatively similar to the initial shapes of the planar refrigerated air 
curtain streamlines. 
3.3 PIV Results 
3.3.1 Reynolds Number Effects 
Streamwise Effects 
In Figure 3.14 false color composites of the time-averaged streamwise velocity contours for the isothermal 
curtains are given. Figure 3.14.a is the Re=3800 curtain. The curtain growth can be seen as the high-velocity core 
gradually decays and the curtain spreads as it progresses downward. Thus the mean momentum of the flow is 
continuously diffused outward. Figure 3.14.b is of the Re=8500 curtain, and Figure 3.14.c is the Re=4600 isothermal 
curtain, both of which show the same basic behavior. All of the isothermal curtains from Re=3800 to Re=8500 
developed in a similar fashion. 
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 a) Re=3800 b) Re=8500 c) Re=4600 
Figure 3.14: Streamwise velocity contours for isothermal curtain, a) Re=3800, b) Re=8500, c) Re=4600 
From these time-averaged velocities, the isothermal streamwise velocity profiles were obtained for various 
x/H locations down the curtain, as seen in Figures 3.15 through 3.18. The velocities for each curtain are normalized 
by the mean velocity at the inlet of that curtain, Vmean. For all of these Reynolds numbers a similar diffusion of the 
curtain momentum can be seen clearly as the velocity profiles widen and the peak velocity decreases. In general, the 
diffusion rate increases linearly with x/H. This yields a practical manner to decrease entrainment by simply reducing 
L/H, where L is the total curtain length. However, display cases typically are designed for a certain curtain length, 
and the curtain width, H, may be limited in size by practical geometric constraints. 
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Figure 3.15: Streamwise velocity profiles for isothermal curtain, Re=3800 
-0.2
0
0.2
0.4
0.6
0.8
1
1.2
0 0.5 1 1.5 2 2.5
x/H=1.0
x/H=2.0
x/H=3.1
x/H=4.1
x/H=5.3
x/H=6.0
x/H=7.3
x/H=8.1
x/H=8.7
x/H=9.4
x/H=10.1
x/H=10.8
V
x/
V
m
ea
n
y/H
 
Figure 3.16: Streamwise velocity profiles for isothermal curtain, Re=4600 
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Figure 3.17: Streamwise velocity profiles for isothermal curtain, Re=7600 
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Figure 3.18: Streamwis e velocity profiles for isothermal curtain, Re=8500 
Figure 3.19 shows the average velocity profiles at x/H=1 and 2 for the attached and detached Re=1500 
curtain. At x/H=1, the curtain is not completely detached, but by x/H=2, the effect of detachment can be seen 
clearly. Further down the detached curtain, x/H>4, the streamwise velocities taper off to nearly stagnation conditions 
along the wall (y/H=0), as seen in Figure 3.20. Thus the curtain integrity is completely lost. This flow separation 
was not observed for the refrigerated curtains, since the lowest Reynolds number that was tested on the refrigerated 
cases was 4700, due to limits on the cooling arrangement.  
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Figure 3.19: Streamwise velocity profiles for attached and detached isothermal curtain, Re=1500 
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Figure 3.20: Streamwise velocity profiles for isothermal curtain, Re=1500 
Figures 3.21 through 3.23 show the average velocity profiles for all of the curtains at x/H locations of 2, 5, 
and 8. At each downstream location the velocity profiles for the Re=3800 through 8500 curtains are similar, 
showing that the non-dimensional rate of momentum diffusion is constant within this range of Reynolds numbers for 
the curtain. In this flow regime, the total (dimensional) mass flow entrainment is linearly proportional to the mass 
flow. The Re=1500 curtain, which was detached from the wall, is the exception. 
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Figure 3.21: Streamwise velocity profiles for isothermal curtains at x/H=2 
-0.2
0
0.2
0.4
0.6
0.8
1
1.2
0 0.5 1 1.5 2 2.5
Re=1500
Re=3800
Re=4600
Re=7600
Re=8500
V
x /
 V
m
ea
n
y/H
 
Figure 3.22: Streamwise velocity profiles for isothermal curtains at x/H=5 
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Figure 3.23: Streamwise velocity profiles for isothermal curtains at x/H=8 
Turbulence Profiles 
The turbulence intensity profiles near the inlet (x/H=1) of two representative isothermal curtains are plotted 
in Figure 3.24. The turbulence levels varied among the different curtains and in some portions was artificially 
inflated by insufficient statistical averaging. A possible explanation for the wide variation in initial turbulence levels 
in the curtains is the fan arrangement; with only one fan blowing, the turbulence levels appeared lower than the 
curtains that were produced with both fans on. For most of the curtains, the typical turbulence level in the core was 
around 5-20%. Towards the outside edge of the curtain at y/H=1, the turbulence levels peaked (coinciding with the 
high velocity gradient at that location), showing that significant mixing with the ambient was occurring, even as 
early as x/H=1. 
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Figure 3.24: Turbulence intensity profiles for isothermal curtains near curtain inlet (x/H=1) 
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In Figure 3.25, a plot of the downstream turbulence levels for the Re=3800 curtain is shown. The 
turbulence levels are consistently high at the mixing region near y/H=1 (up to 30%) and near the wall (up to 15%). 
These peak locations are consistent with the regions of maximum velocity gradient observed in the mean velocity 
statistics. 
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Figure 3.25: Turbulence intensity levels downstream for isothermal curtain, Re=3800  
However, these turbulence levels are higher than would be expected in typical flow conditions. For 
examp le, mixing layer free-shear flow tend to have peak turbulence levels of about 20% while turbulent fluctuations 
in a pipe or boundary layer at fully-developed Reynolds numbers typically peaks at about 10% near the walls. 
Momentum Entrainment 
Using these average velocity profiles, values for the momentum-based curtain thickness, d, were calculated 
for the isothermal curtains and are shown in Figure 3.26. As expected from the plots of velocity profiles, the curtain 
thickness for the isothermal curtains with Re=3800 through 8500 grow at the same rate. For the Re=1500 curtain, 
the attached and detached curtain thickness are plotted separately. However, even the Re=1500 curtain that was 
initially attached was found to then separate from the wall below x/H=4 making it impractical to find a curtain 
thickness below that point. 
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Figure 3.26: Curtain thickness development for isothermal curtains  
As such, the air curtain dynamics and momentum entrainment in the Re=3800 to 8500 range are not 
affected by the Reynolds number for the isothermal curtain case. This is significant because the mass entrainment 
rate is proportional to the curtain speed, so by slowing the curtain, the rate of entrainment of the ambient humid air 
can be decreased. Therefore, one way to minimize the dimensional entrainment it to reduce the jet velocity (and thus 
Re), but only in the regime where attachment can be ensured. 
3.3.2 Richardson Number Effects 
Streamwise Effects 
Figure 3.27 shows the false color composite of the time -averaged streamwise velocity contours for the 
refrigerated air curtains. The same negatively buoyant acceleration effect can be seen at the top of the curtains that 
was seen in the streamlines from Figure 3.13 as the curtain width initially decreases as the refrigerated air falls from 
the curtain inlet. Figure 3.27.a is the Ri=0.13 curtain, and only small differences in the flow can be noted between 
this low Richardson number refrigerated curtain and the attached isothermal curtains in Figure 3.14. However, a 
Re=0.47 curtain, shown in Figure 3.27.b, indicates a marked acceleration of the streamlines in comparison to the 
Ri=0.13 and isothermal curtains. Figure 3.27.c is the Ri=0.15 curtain, which shows a medium amount of 
acceleration, but perhaps more than might be expected since the Ri departure from Figure 3.27.a is modest. It can 
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generally be noted from these images that gravitational acceleration from buoyancy is most significant near the inlet 
of the curtain. Below x/H=4, the negative buoyancy effects are no longer accelerating the curtain, and the curtain 
growth proceeds in a qualitatively similar manner to the isothermal curtains. 
 
a) Ri=0.13, Re=8000 b) Ri=0.47, Re=4700 Ri=0.15, Re=7500 
Figure 3.27: Streamwise velocity contours for refrigerated curtains, a) Ri=0.13, Re=8000,  b) Ri=0.47, Re=4700,  
c) Ri=0.15, Re=7500 
Figures 3.28, 3.30 and 3.32 show the velocity profiles that were obtained from the time -averaged velocities 
of the refrigerated curtains. Below each profile is the profile from the corresponding isothermal curtain which has 
similar Reynolds number (Figures 3.29, 3.30, and 3.33). One may recall that in the isothermal curtains, the peak 
velocity was at the curtain inlet, and the slowing and spreading of the curtain were simultaneous effects. However, 
in the refrigerated curtains the curtains exhibited acceleration until roughly x/H=3 or 4. The velocity profiles reveal 
that the interaction with the ambient air causes the curtain to spread as in the isothermal case even in this region. 
These two effects tend to counter each other in terms of development of d, since d is defined based on the local peak 
velocity at a given x/H. After the accelerating regime, the spreading of the curtain is much more apparent, although 
in the range of x/H studied here, the peak velocity is not seen to decrease significantly. As the Richardson number of 
the curtains increases, the flow acceleration is more pronounced.  
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Figure 3.28: Streamwise velocity profiles for refrigerated curtain, Ri=0.13, Re=8000 
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Figure 3.29: Streamwise velocity profiles for isothermal curtain, Ri=0, Re =8500 
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Figure 3.30: Streamwise velocity profiles for refrigerated curtain, Ri=0.15, Re=7500 
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Figure 3.31: Streamwise velocity profiles for isothermal curtain, Ri=0, Re=7600 
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Figure 3.32: Streamwise velocity profiles for refrigerated curtain, Ri=0.47, Re=4700 
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Figure 3.33: Streamwise velocity profiles for isothermal curtain, Ri=0, Re=4600 
Turbulence Profiles 
Figure 3.34 shows the turbulence intensity profiles near the inlet (x/H=1) of the refrigerated curtains. Just 
as in the isothermal curtains, the turbulence levels are varied between the curtains. Two of the refrigerated curtain 
turbulence levels lie below the isothermal turbulence levels, at 5-7% in the core of the curtain. The increase of the 
turbulence levels at the edge of the curtain can be seen in all the curtains. The edge of the refrigerated curtains was 
located at roughly y/H=0.6 as a result of gravitational acceleration creating a thinner curtain. 
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Figure 3.34: Turbulence intensity profiles for refrigerated curtains near curtain inlet (x/H=1) 
Momentum Entrainment 
Figure 3.35 shows the curtain thickness, d, of the various curtains, organized by Richardson number. All of 
the isothermal curtain data (with Ri=0) are shown with the same symbol, and the refrigerated curtains of Ri=0.13, 
0.15, and 0.47 are shown individually. The thinning of the curtain due to negatively buoyant acceleration can again 
be seen dominating the initial region of the curtain development. The higher Richardson number curtain is the most 
affected by the buoyant acceleration, and the two curtains of similar Richardson number (0.13 and 0.15) are 
similarly affected up to x/H of about 5. After that, a significant difference was noted between these two cases that is 
consistent with the variations in the velocity profiles, seen in Figures 3.28 and 3.30. While this is not understood, it 
may be attributable to the difference in initial turbulence levels found in these two curtains, as shown in Figure 3.34. 
Universal to all the curtains, however is that after the region of buoyant acceleration at the curtain inlet, all of the 
curtains grow with x/ H. 
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Figure 3.35: Curtain thickness development for refrigerated and isothermal curtains by Richardson number 
Thermal Entrainment 
The average thermal entrainment, a, was calculated for the three refrigerated curtains, and is plotted by 
Richardson number in Figure 3.36 and by Reynolds number in Figure 3.37. The thermal entrainment is seen to 
increase slightly with increasing Richardson number, which corresponds to decreasing Reynolds number. This was 
not expected since one might expect the negative buoyancy to help stabilize the curtain and since Reynolds number 
effects were not significant in this range for the isothermal curtains. However, the significance of this trend in 
thermal entrainment is not certain because there was an uneven temperature distribution in the capture area and thus 
an uncertainty in the Tcapt measurement. 
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Figure 3.36: Thermal entrainment, a vs. Ri for refrigerated curtains 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
4000 5000 6000 7000 8000 9000
a
Re  
Figure 3.37: Thermal entrainment, a vs. Re for refrigerated curtains 
Finally the relative thermal entrainment, characterized by the product (a Re), is plotted with varying Re in 
Figure 3.38. The relative thermal entrain ment is seen to decrease with Reynolds number, implying that the net 
amount of humid air that gets entrained will decrease as the Reynolds number decreases. Since the Reynolds number 
of the refrigerated air curtain was not tested below Re=4700, it is difficult to say whether this trend will continue for 
lower Reynolds numbers. For example, there may exist a point beyond which a decrease in the velocity of the air 
curtain would adversely affect the curtain integrity as was found in the isothermal case. However, in general 
decreasing the refrigerated curtain velocity from Re=8000 (0.89 m/s) to Re=4700 (0.51 m/s) led to reduced 
momentum entrainment, and further Re reductions associated with Ri increases, may lead to increased wall jet 
stability due to increased buoyancy forces. 
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Therefore, overall mass entrainment can be reduced by three separate mechanisms:  
1. Reducing L/H, the curtain length 
2. Reducing Re (for fixed Ri) 
3. Increasing Ri (for fixed Re) 
It expected that thermal and vapor entrainment would be reduced in at least a qualitatively similar manner. 
However, more details of the refrigerated detachment physics and a separation of Re and Ri effects must be 
understood in order to ascertain the region in which these trends apply. 
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Figure 3.38: Relative thermal entrainment, a Re vs. Re for refrigerated curtains 
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Chapter 4: Summary 
4.1 Conclusions 
This study has documented the properties of the air curtain of a refrigerated display case under idealized 
conditions. The entire air curtain was modeled as a wall jet to simplify the product-curtain interactions, which was 
found to be a reasonable simplification for typical refrigerated air curtains based on comparison with conventional 
display case geometry flows. Curtains were studied for a variety of Reynolds and Richardson numbers at conditions 
similar to that of typical operation. Flow visualization of the curtains was performed to see the curtain edge 
dynamics. Velocity profiles of the curtain were measured using PIV techniques to obtain full field images of the air 
flow. Curtain thickness at various downstream locations were obtained, indicating the momentum entrainment as the 
curtain progressed. For the refrigerated curtains, thermal entrainment by the entire curtain was obtained by 
thermocouples in the return flow and before the curtain inlet. 
The air curtain entrainment was seen to be dominated by pronounced eddies that engulfed the ambient air 
into the curtain. These eddies can arise from two sources: the shear layer interface with the ambient air and the 
initial turbulence in the curtain. The present results indicate that both sources may be important in the curtain 
entrainment (consistent with previous studies for related flow fields). 
Two non-dimensional entrainment parameters, a and d, were used to quantify the entrainment of ambient 
air into the air curtain on a thermal and momentum basis. The momentum entrainment was determined from the 
velocity profiles at multiple downstream locations, while the thermal entrainment was determined at the return flow, 
and only for the refrigerated curtains.   
For the isothermal curtains (Ri=0) it was found that the curtain fluid dynamics, velocity profiles, and 
dimensionless entrainment rates were not sensitive to Reynolds number variations between Re=3800 and 8500. In 
addition, the typical turbulence levels in the isothermal curtains ranged from 5-20%. The turbulence level peaked at 
the edge of the curtains, corresponding to the velocity gradient at that location, but are higher than would be 
expected from free-shear or turbulent boundary layer flows. Curtain detachment was found to occur at Re=1500, 
whereby the curtain separated from the wall at some downstream location from the exit. The curtain detachment 
lead to rapid mean diffusion and high entrainment, and the process was globally unstable in that the detachment 
location was not consistent.  
For the refrigerated curtains, an increase in the Richardson number affected the curtain flow most strongly 
at the inlet, where acceleration of gravity caused the streamlines to neck inwards. This negative buoyancy effect 
resulted in an initial decrease of the curtain thickness near the inlet of the curtain, but afterwards the curtain growth 
became qualitatively similar to the isothermal curtain growth.  
Finally, the relative thermal entrainment, characterized by the product (a Re), was shown to reduce with 
reducing Reynolds number. This implies that the air curtain entrainment could be reduced by a decrease in the 
Reynolds number of the air curtain, as long as the curtain integrity is maintained. 
4.2 Recommendations 
The present investigation yielded several conclusions as mentioned above, but also indicated that several 
important issues remain in order to understand and control refrigerated air curtain entrainment. 
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For example, it would be important to observe and understand the independent effects of the Richardson 
number variation at a fixed Reynolds number. This will enable the separate characterization of the Richardson 
number effects, which was not possible with the current curtain facility.  
Als o of importance to understanding the refrigerated air curtains is an understanding on the effect of initial 
jet turbulence on the curtain entrainment, with respect to both momentum and thermal entrainment. An attempt to 
substantially modify the turbulence levels in the current facility was unsuccessful (Appendix B). An understanding 
of how important the initial turbulence levels are in the curtain development could be helpful to the design process 
of the display cases.  
The necessary conditions for isothermal air curtain detachment and the resulting dynamics are another facet 
that should be investigated in more detail to understand requirements for curtain integrity. However, since the 
curtain detachment was not observed at Reynolds numbers that are in the typical curtain range and was not observed 
for refrigerated conditions, this particular research area may be of secondary importance as compared to the above 
two issues. 
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Appendix A: Validation of Wall Jet Assumption 
A.1 Artificially Stocked Refrigerator Ca se 
After the wall jet tests were completed, one air curtain was tested with the display case "stocked" with 
boxes to simulate curtain flow for a display case filled with product. The objective was to ascertain how different the 
flow was from the idealized wall-jet case. The perforations on the back wall were opened and the shelves were filled 
with boxes of approximately 200 mm in height. They left roughly 60 mm gaps between the bottom of one shelf and 
the top of the box. The setup is shown in Figure A.1. Two slow-speed fans were used in the test. Since the flow was 
now divided between the perforated back wall and the curtain discharge, the curtain Reynolds number was 2200, 
lower than the previous refrigerated tests where the entire flow went only through the curtain discharge. This 
reduced velocity caused an increased Richardson number of 2.5, (the typical values were less than 0.5), which meant 
an increased dependence on the buoyancy forces present in the curtain. In this Reynolds number 2200 flow, there 
was found to be no detachment of the curtain from the front of the product.  
 
Figure A.1: Typical display case conditions whereby the wall was removed and boxes were placed in the display 
case to simulate product 
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The air curtain velocities were measured with the PIV system in the same way as before, with special 
interest taken in the regions around the shelves. It was in these regions that the air flow from the perforations in the 
back of the case could interfere the most with the wall jet assumption.  
A.2 Comparison of Stocked Case and Wall Jet 
The streamwise velocity contours of the stocked case curtain inlet are given in Figure A.2. In general, the 
same curvature of the curtain can be seen at the inlet as was seen in the wall jet configuration. The location of the 
shelf can be seen from the erroneous velocities caused by the reflection of the laser sheet from the front of the shelf 
at x/H=2. A comparison of the streamwise contours for the Ri=0.47 wall jet, shown in Figure A.3, shows that the 
shape of the initial portion of the curtain is similar.  
 
Figure A.2: The curtain inlet of the stocked case, Ri=2.5 
x/H=1 
Location of 
shelf 
x/H=2 
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Figure A.3: The curtain inlet for the wall jet, Ri=0.47 
The most critical point of the wall jet assumption is the points after the shelves, since that is where the air 
flow from the back perforations can disturb the curtain. Figure A.4 shows the stocked case at a downstream location 
of x/H=5. The shelf is located at x/H=4, visible again from the reflection of the lasers on the shelf. The flow from 
the back joins the curtain just after the shelf, where it was blown across the top of the product sitting on that shelf. 
At this point, the curtain can be seen to bulge outward a small amount, but the air curtain is not adversely affected 
because it is pulled downwards by the momentum of the curtain and the buoyant forces. Figure A.5 shows a 
comparison of the same location on the Ri=0.47 wall jet, showing the same shape of the curtain velocity contours. 
From this it was determined that the wall jet assumption was reasonable for the germane fluid dynamics of the 
refrigerated display case air curtain. 
x/H=1 
x/H=2 
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Figure A.4: The reattachment of the curtain below a shelf (Ri=2.5) 
 
Figure A.5: The same location on the Ri=0.47 wall jet 
It should be noted that when the stocked case test was attempted without refrigeration (an isothermal case), 
the lack of a downward buoyancy forces resulted in the curtain detaching from the front of the product at the point 
that the flow from the back perforations joined the curtain. Thus, an attached isothermal air curtain was not possible 
to achieve with flow from the perforated back discharge. However, the most important conclusion was that a wall jet 
generally represented the flow of the refrigerated display case. 
x/H=4 
x/H=5 
x/H=4 
x/H=5 
Location 
of shelf 
 52 
Appendix B: Conditioned Flow 
B.1 Isothermal Wall Jet Configuration with Flow Conditioning 
In an attempt to reduce the inlet turbulence of the air curtain that is created by the deflector turning the 
flow, a flow conditioning nozzle was constructed and mounted directly below the honeycomb at the top of the 
curtain. A schematic of the display case with the conditioning nozzle in place can be seen in Figure B.1. The overall 
nozzle was 36 cm tall and it spanned the width of the case. At the top, it was 15 cm wide, a little wider than the 
honeycomb, and throughout a 18 cm settling region the width was constant. Below the settling region was the 
contraction region, where the flow was contracted smoothly to a 5 cm width. Six flow-straightening screens were 
constructed and mounted in the settling region in an effort to reduce the turbulence. The air curtain would then begin 
at the bottom of the conditioning nozzle, and the curtain inlet width would be 50 mm. This arrangement was only 
attempted for the isothermal air curtain, not for the refrigerated curtains. 
 
Figure B.1: The contraction nozzle installed at the top of the curtain 
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B.2 Comparison of Turbulence and Entrainment for Conditioned Curtain 
It was found that the turbulence in the air curtain was modestly reduced with the above flow conditioning, 
as seen in Figure B.2. This reduction was not as complete as would have been preferred, in fact similar turbulence 
levels were found in one of the curtains without conditioning. The contraction nozzle caused the flow to accelerate 
as it began the curtain, due a pressure difference resulting from the straightening screens. This lead to curvature of 
the isothermal curtain streamlines at the curtain inlet. Because of the added complication to the flow and the absence 
of a significant benefit in reduced turbulence, the contraction nozzle was abandoned and the curtain was measured 
starting from the honeycomb to closer replicate the actual air curtain conditions for the remainder of the study. 
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Figure B.2: Turbulence intensity profiles for isothermal curtains, including conditioned curtain, near curtain inlet 
(x/H=1) 
It is interesting to compare the normalized curtain thickness, d/H, for the conditioned flow to that of the 
conventional configurations. In general the curtain thickness for the conditioned flow was found to develop similar 
to the other isothermal curtains, as seen in Figure B.3. The difference in the initial regions is believed to be a result 
of the initial acceleration of the flow resulting from the contraction. Also the reduced growth and improved curtain 
itegrity (as compared to the unconditioned Re=1500 case) could be a result of the reduced turbulence at the inlet. 
This indicates that inflow turbulence can be of significant importance in overall curtain entrainment. Finally note 
that the curtain momentum thickness development was also found to be approximately equivalent for all the 
attached isothermal curtains. One implication of this is that the entrainment rates of the air curtain scales non-
dimensionally by the size of the curtain inlet. This is important since the refrigerated display case manufacturers can 
have different initial curtain widths. 
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Figure B.3: Curtain thickness development for isothermal curtains, including conditioned curtain 
 55 
References 
Adams, P. 1985, "The intereffect of supermarket refrigeration and air conditioning," ASHRAE CH-85-09 No. 1, pp. 
423-433. 
Adrian, R., 1991, "Particle -imaging techniques for experimental fluid mechanics," Annual Review of Fluid 
Mechanics, Vol. 23, pp. 261-304. 
Angirasa, D., 1999, "Interaction of low-velocity plane jets with buoyant convection adjacent to heated vertical 
surfaces," Numerical Heat Transfer, Part A, Vol. 35, pp. 67-84. 
Bajura, R., and Catalano, M., 1975, "Transition in a two-dimensional plane wall jet," Journal of Fluid Mechanics, 
Vol. 70, pp. 773-799. 
Baleo, J., Guyonnaud, L., and Solliec, C., 1995, "Numerical simulation of air flow distribution in a refrigerated 
display case air curtain," Proceedings of International Congress of Refrigeration 1995, Vol. II. 
Cetegen, B., Ahmed, T., 1993, "Experiments on the periodic instability of buoyant plumes and pool fires," 
Combustion and Flame , Vol. 93, pp. 157-184. 
Crowe, C., Sommerfeld, M., and Tsuji, Y., 1998, Multiphase Flows with Droplets and Particles, CRC Press LLC, 
Boca Raton, FL, pp. 22-25. 
Epstein, M., and Burelbach, J., 2001, "Vertical mixing above a steady circular source of buoyancy," International 
Journal of Heat and Mass Transfer, Vol. 44, pp. 525-536. 
Field, B., and Loth, E., 2001, "Measurements of air curtain entrainment," Proceedings of ASME FEDSM 2001, May 
2001. 
George, B., and Buttsworth, D., 2000, "Investigation of an open refrigeration cabinet using computational 
simulations with supporting experiments," Proceedings of the ASME International Mechanical Engineering 
Congress and Exposition, Nov 2000. 
Gogineni, S., Visbal, M., Shih, C., 1999, "Phase-resolved PIV measurements in a transitional plane wall jet: a 
numerical comparison," Experiments in Fluids, Vol. 27, pp. 126-136. 
Howell, R., 1993, "Effects of store relative humidity on refrigerated display case performance," ASHRAE 
Transactions, Vol. 99, pp. 667-678. 
Hsiao, F-B., and Sheu, S., 1996, "Experimental studies on flow transition of a plane wall jet," Aeronautical Journal, 
Vol. 100, pp. 373-380. 
Keane, R. and Adrian, R., 1992, "Theory of cross-correlation analysis of PIV images," Applied Science Research, 
Vol. 49, pp. 191-215. 
Kotsovinos, N., and List, E., 1977, "Plane turbulent buoyant jets. Part 1. Integral properties," Journal of Fluid 
Mechanics, Vol. 81, pp. 25-44. 
LaVision, Inc., 2000, PIV Flowmaster Manual, LaVision, Göttingen, Germany. 
Ljuboja, M., and Rodi, W., 1981, "Prediction of horizontal and vertical turbulent buoyant wall jets," ASME Journal 
of Heat Transfer, Vol. 103, pp. 343-349. 
Sangras, R., Dai, Z., Faeth, G., 1999, "Mixture fraction statistics of plane self-preserving buoyant turbulent adiabatic 
wall plumes," ASME Journal of Heat Transfer, Vol. 121, pp. 837-843. 
Shih, C., and Gogineni, S., 1994, "Experimental study of perturbed laminar wall jet," AIAA Journal, Vol. 33, pp. 
559-561. 
Stribling, D., Tassou, S., and Marriott, D., 1997, "A two-dimensional CFD model of a refrigerated display case," 
ASHRAE Transactions, Vol. 103, pp. 88-94. 
